We theoretically investigate the effect of fabrication-related disorders on subwavelength metal-dielectric-metal plasmonic waveguides. We use a Monte Carlo method to calculate the roughness-induced excess attenuation coefficient with respect to a smooth waveguide. For small roughness height, the excess optical power loss due to disorder is small compared to the material loss in a smooth waveguide. However, for large roughness height, the excess attenuation increases rapidly with height and the propagation length of the optical mode is severely affected. We find that the excess attenuation is mainly due to reflection from the rough surfaces. However, for small roughness correlation lengths, enhanced absorption is the dominant loss mechanism due to disorder. We also find that the disorder attenuation due to reflection is approximately maximized when the power spectral density of the disordered surfaces at the Bragg spatial frequency is maximized. Finally, we show that increasing the modal confinement or decreasing the guide wavelength, increase the attenuation due to disorder. Phys. 69(3) , 731-808 (1997). 23. A. García-Martín, J. A. Torres, J. J. Sáenz, and M. Nieto-Vesperinas, "Transition from diffusive to localized regimes in surface corrugated optical waveguides," Appl.
Introduction
Plasmonic devices, based on surface plasmons propagating at metal-dielectric interfaces, have shown the potential to guide and manipulate light at deep subwavelength scales [1] [2] [3] [4] [5] . The propagation of surface plasmons can be strongly affected by fabrication-related disorders at metal-dielectric interfaces. Thus, for practical implementations of plasmonic devices, it is of fundamental importance to determine the sensitivity of the device properties to fabricationrelated disorders.
In this paper, we theoretically investigate the effect of fabrication-related disorders on subwavelength metal-dielectric-metal (MDM) plasmonic waveguides. MDM plasmonic waveguides [6] [7] [8] , which are the optical analogue of microwave two-conductor transmission lines [9] , are of particular interest because they support modes with deep subwavelength scale and high group velocity over a very wide range of frequencies extending from DC to visible [10] . Thus, MDM waveguides could be potentially important in providing an interface between conventional optics and subwavelength electronic and optoelectronic devices.
Here we consider MDM waveguides in which both metal-dielectric interfaces are rough. In the case of a smooth MDM waveguide, there is optical power loss associated with the material loss in the metal, and characterized by an attenuation coefficient α s . In a rough MDM waveguide, disorders induce additional attenuation on top of the material loss in the metal. The total optical power loss in the rough waveguide is characterized by an attenuation coefficient α r . Thus, the difference of attenuation coefficients α r -α s is a measure of the excess losses in the plasmonic waveguides due to disorders, and will be referred to as the excess attenuation coefficient due to disorder. We use the Monte Carlo method to calculate the attenuation coefficient α r in a rough waveguide by averaging over an ensemble of randomlygenerated rough waveguide realizations. For each randomly-generated rough waveguide realization, the electromagnetic fields are calculated using a full-wave finite-difference frequency-domain (FDFD) method. For small roughness root-mean-square (rms) height, the excess optical power loss due to disorder is small compared to the material loss in a smooth waveguide. However, for large roughness height, the excess attenuation increases rapidly with height, and the propagation length of the optical mode is severely affected. We find that the disorder loss is mainly due to reflection from the rough surfaces. However, for small roughness correlation lengths, enhanced absorption in the metal is the dominant loss mechanism due to disorder. We also find that the disorder attenuation due to reflection is approximately maximized when the power spectral density of the disordered surfaces at the Bragg spatial frequency is maximized. Finally, we show that increasing the modal confinement or decreasing the guide wavelength, increase the attenuation due to disorder in the MDM waveguide.
In previous studies, the effect of rough metal surfaces on electromagnetic wave propagation in the microwave frequency range has been investigated [11] [12] [13] . The effect of metal roughness on surface plasmons propagating at a single metal-dielectric interface at optical frequencies has also been investigated [14] [15] [16] [17] . In addition, we note that the physics of light propagation in disordered MDM plasmonic waveguides is similar to that of wave transport and Anderson localization in one-dimensional disordered systems [18] [19] [20] . More specifically, the disorder loss due to reflection in MDM plasmonic waveguides is connected to Anderson localization in one-dimensional disordered systems. In such one-dimensional systems all states are localized for any disorder strength, and the localization length is proportional to the transport mean-free path [19, 21, 22] . In this context, several studies have investigated the localization of electromagnetic waves in disordered waveguides with perfectly conducting walls [20, [23] [24] [25] .
The remainder of the paper is organized as follows. In Section 2, we describe the simulation method used for the random rough surface generation and the analysis of the rough MDM waveguides. The results obtained using this method for the rough MDM waveguides are presented in Section 3. Finally, our conclusions are summarized in Section 4.
Simulation method
In Fig. 1(a) , we show a schematic of the simulation configuration that we use to calculate the attenuation coefficient α r of a rough MDM waveguide. It consists of a section of the rough waveguide of length L sandwiched between two smooth MDM waveguides. The roughness height function f(x) at each metal-dielectric interface is assumed to be a one-dimensional statistical homogeneous random process with zero mean. The nature of the roughness is described by the autocorrelation function of f(x) [13] 
where the brackets represent the ensemble average. We assume that both metal-dielectric interfaces are rough and mutually uncorrelated. We consider a realistic disorder model, in which the roughness height function f(x) obeys Gaussian statistics and has a Gaussian autocorrelation function
where δ is the roughness rms height, and L c is the correlation length [26] . We use a spectral method proposed by Thorsos [26, 27] to randomly generate rough interface realizations. In this method, each rough interface consists of M discrete points spaced ∆x apart over the surface length L = M∆x. Realizations are generated at x n = n∆x (n = 1,…, M) using
where, for j ≥0,
and for j<0, F(k j ) = F(k -j )*. In Eqs. (2) and (3), k j = 2πj/L, M(0,1) is a number sampled from a Gaussian distribution with zero mean and unity variance, and W(k) is the power spectral density of the rough surface. For a rough surface with Gaussian autocorrelation function (Eq.
(1)), the power spectral density is [13, 26, 27] In Figs. 1(b) and 1(c), we show the probability density and autocorrelation function, respectively, for such a random interface realization calculated directly from one generated profile by the spectral method. We observe that they are both in excellent agreement with their respective theoretical values, confirming the validity of the method that we use for random rough surface generation.
For each randomly-generated rough waveguide realization, we use a full-wave twodimensional FDFD method [28] to calculate the electromagnetic fields and the transmission coefficient T through the waveguide section of length L ( Fig. 1(a) ). This method allows us to directly use experimental data for the frequency-dependent dielectric constant of materials such as silver [29] , including both the real and imaginary parts, with no approximation. Perfectly matched layer absorbing boundary conditions [30] are used at all boundaries of the simulation domain. We also note that, since we directly use a full-wave simulation method to calculate the fields in the disordered waveguides, our calculations take into account multiple scattering and localization effects [31] .
We use a Monte Carlo method [26] to average over an ensemble of randomly-generated rough waveguide realizations. We found that, as expected [22, 31] , <ln(T)> undergoes a linear variation with L for large L. This allows us to define an attenuation coefficient α r for the rough MDM waveguide using [31] ln( ) .
We note that α r is referred to in the literature on disordered systems as the Lyapunov exponent and its inverse as the localization length [18, [20] [21] [22] . In all cases we choose L large enough to ensure that Eq. (5) holds. In Fig. 1(d) , we show a typical result for the convergence of the calculated attenuation coefficient α r of a rough MDM plasmonic waveguide, as a function of the number N of randomly-generated rough waveguide realizations used in the Monte Carlo method. We observe that the method converges after a few hundred waveguide realization calculations. In all cases we found that N = 1000 is sufficient for an accuracy of the results within 1%. We first consider the effect of the roughness rms height δ and correlation length L c on the attenuation coefficient. In Fig. 2 , we show the excess attenuation coefficient α r -α s of a rough MDM plasmonic waveguide as a function of the roughness rms height δ for L c = 36nm. For convenience we also show the attenuation enhancement factor, defined as α r /α s . We observe that, as expected, the excess attenuation coefficient α r -α s increases with δ. We also found that for δ>4nm, the increase is almost exponential. For δ<4nm, we have α r /α s <1.2 for the attenuation enhancement factor. Thus, for small roughness height (δ<4nm), the excess optical power loss due to disorder is small compared to the material loss in a smooth waveguide. On the other hand, for large roughness height (δ>4nm), α r /α s increases rapidly with δ, and the propagation length of the optical mode is severely affected. Thus, for δ = 12nm the attenuation coefficient in the rough waveguide is enhanced by an order of magnitude compared to the smooth waveguide (α r /α s ≈10).
Results
In Fig. 2 , we also show the excess attenuation coefficient α r -α s for a rough MDM waveguide in which the metal in the MDM waveguide is lossless (ε metal = ε metal,real , neglecting the imaginary part of the dielectric permittivity ε metal,imag ). We observe that material losses in the metal do not significantly affect the excess attenuation coefficient α r -α s . In the lossless metal case, α s = 0 and the excess attenuation is only due to the reflection from the rough surfaces. Thus, we can conclude that the excess loss in a rough MDM plasmonic waveguide is mainly due to reflection from the rough surfaces. As mentioned in Section 1, this loss mechanism is connected to Anderson localization in one-dimensional disordered systems. In Fig. 3(a) , we show the excess attenuation coefficient α r -α s and the attenuation enhancement factor α r /α s of a rough MDM plasmonic waveguide as a function of the correlation length L c for δ = 4nm, 8nm. We observe that in both cases α r -α s is maximized for L c = 120nm. In addition, the excess attenuation coefficient α r -α s increases as L c →0. In Fig.  3(a) , we also show the excess attenuation coefficient α r -α s for a rough MDM waveguide in which the metal in the MDM waveguide is lossless. The results in the lossless metal case agree well with the lossy metal case for L c >20nm. Thus, we can conclude that for L c >20nm, the excess attenuation is due to reflection from the rough surfaces.
We found that the peak in excess attenuation coefficient α r -α s at L c = 120nm is associated with Bragg reflection from the rough surfaces. In a MDM plasmonic waveguide with a periodic perturbation with period P, there is strong reflection associated with Bragg Scattering 
Using Eqs. (4) and (6), we obtain the power spectral density W(k Bragg ) of the disordered surfaces at k Bragg
In Fig. 3(b) , we show W(k Bragg ) as a function of L c . We observe that the excess attenuation coefficient α r -α s due to reflection from disorders correlates very well with the power spectral density W(k Bragg ). Thus, the disorder attenuation due to reflection is approximately maximized when the power spectral density of the disordered surfaces at the Bragg spatial frequency W(k Bragg ) is maximized. Using Eq. (7), we find that
For L c <20nm, there is a large difference between the lossy and lossless metal cases ( Fig.  3(a) ). In the lossless metal case, the excess attenuation coefficient α r -α s decreases as L c →0, due to the fact that
However, in the lossy metal case the excess attenuation coefficient α r -α s increases as L c →0. This is because when L c →0, the waveguide surfaces become extremely rough with disorder dimensions small compared to the skin depth, which allows light to directly pass through, and results in enhanced absorption in the metal. Thus, for L c <20nm, the reflection from the rough surfaces is small, and enhanced absorption in the metal is the dominant loss mechanism due to disorder. Finally, for very large correlation lengths (L c >400nm), the waveguide surfaces are almost flat, which results in a small reflection, hence the attenuation coefficient is only slightly enhanced with respect to the smooth waveguide (Figs. 2, 3(a) ).
We further investigate the enhanced absorption in disordered MDM plasmonic waveguides by considering the electromagnetic field distribution in such waveguides. In Fig.  4(a) we show the electric field intensity profile for a random rough MDM plasmonic waveguide. Since metals satisfy the condition |ε metal |>>ε diel at near-infrared wavelengths [29] , the electric field intensity in the metal is much smaller than the electric field intensity in the dielectric. In addition, we observe that the electric field intensity in the dielectric is enhanced at the peak of the metal roughness bumps. The enhancement is associated with the behavior of the electric field near sharp edges [32] , which is often referred to as the lightning rod effect [33] . The increased surface charge density at the metal bump peak leads to crowding of the electric field lines in the dielectric, and therefore to enhancement of the near field in the vicinity of the bump peak.
The absorbed power density depends, however, on the electric field intensity in the metal. In Fig. 4(c) we show the absorbed power density profile in the metal for the random rough MDM waveguide. Contrary to the electric field intensity in the dielectric, the electric field intensity in the metal, and therefore the absorbed power density, is maximum (minimum) at the bottom (peak) of the metal roughness bumps. Thus, in a rough MDM waveguide absorption is enhanced with respect to a smooth waveguide at the bottom of metal roughness bumps. In Fig. 4(e) we also show the local absorption coefficient α r (x) for the random rough MDM waveguide. We observe that in certain locations of the disordered waveguide, corresponding to peaks of metal roughness bumps, the absorption is actually suppressed with respect to a smooth MDM waveguide. Even though the absorption is locally suppressed at certain locations, the overall absorption in the rough waveguide is enhanced with respect to the smooth waveguide. As mentioned above, this absorption enhancement is the dominant disorder loss mechanism in the case of small roughness correlation length. We finally note that the absorption properties described above are quite general and are not limited to random rough waveguides. As an example, periodically textured waveguides exhibit similar characteristics (Figs. 4(b), 4(d), 4(f) ). We finally consider the effect of the MDM waveguide parameters, such as waveguide width w, operating wavelength λ, and dielectric constant ε r of the material in the waveguide ( Fig. 1(a) ), on the attenuation in the rough MDM plasmonic waveguides. In Figs. 5(a) and 5(d), we show the attenuation coefficient α s in a smooth MDM waveguide, and the excess attenuation coefficient due to disorder α r -α s , respectively, as a function of the waveguide width w. In a smooth MDM waveguide, the fraction of the modal power in the metal increases as w decreases, and the attenuation coefficient α s therefore increases (Fig. 5(a) ) [6] .
We also observe that, as w decreases and the optical mode confinement increases, the effect of the roughness becomes more severe (Fig. 5(d) ). Several factors contribute to the increased disorder losses when w is decreased. First, as w decreases, the ratio δ/w of roughness rms height to waveguide width increases, and the fraction of the modal power reflected by disorders, therefore, increases. Second, as w decreases, the fraction of the modal power in the metal increases, and the effective index of the propagating mode, therefore, increases. Thus, the guide wavelength λ MDM decreases. This in turn leads to increased disorder losses, since the scattering cross-section of metallic nanoparticles increases as the wavelength decreases [4, 34] . Third, as w decreases, the group velocity of the propagating optical mode in the MDM plasmonic waveguide decreases. This in turn leads to increased disorder losses, since a smaller group velocity means that light moves more slowly through the waveguide and thus has more time to sample the regions of disorder and roughness [31, 35] . In short, increasing the light confinement in a MDM plasmonic waveguide leads to increased ratio of disorder size to waveguide width, decreased guide wavelength, and decreased group velocity, and, therefore, to increased disorder losses. In Figs. 5(b) and 5(e), we show the effect of operating wavelength λ on the attenuation coefficient in a smooth waveguide α s , and the excess attenuation coefficient due to disorder α r -α s , respectively. In a smooth MDM waveguide the attenuation coefficient α s increases as the wavelength decreases (Fig. 5(b) ). This is due to the fact that the propagation length of surface plasmons scales with the wavelength [1] , since the fraction of the modal power in the metal increases at shorter wavelengths, and also due to increased material losses of metals at shorter wavelengths [29] . In addition, we observe that the excess attenuation due to roughness increases as the wavelength decreases (Fig. 5(e) ). This is due to the fact that, as the operating wavelength decreases, the guide wavelength and the group velocity decrease. Both of these factors contribute to increased disorder losses, as mentioned above.
In Figs. 5(c) and 5(f), we show the effect of dielectric constant ε r of the material in the waveguide ( Fig. 1(a) ) on the attenuation coefficient in a smooth waveguide α s , and the excess attenuation coefficient due to disorder α r -α s , respectively. In a smooth MDM waveguide α s increases with ε r (Fig. 5(c) ). This is due in part to increased fraction of the modal power in the metal, as the permittivity of the dielectric increases, as well as decreased group velocity. In addition, we observe that the excess attenuation due to roughness also increases with ε r (Fig.  5(f) ). This is due to the fact that, as the permittivity of the dielectric increases, the guide wavelength and the group velocity decrease. Both of these factors contribute to increased disorder losses, as mentioned above.
Conclusions
In this paper we investigated the effect of fabrication-related disorders on the properties of subwavelength MDM plasmonic waveguides. We used a realistic model for the random rough surfaces in which the roughness height function f(x) obeys Gaussian statistics and has a Gaussian autocorrelation function. We used the FDFD method to simulate each randomlygenerated rough waveguide realization, and the Monte Carlo method to average over an ensemble of random realizations.
We considered the effect of the roughness rms height δ and the correlation length L c on the excess attenuation coefficient α r -α s . For small roughness rms height, the reflection from the rough surfaces is small, hence the excess optical power loss due to disorder is small compared to the material loss in a smooth waveguide. For large roughness height, α r /α s increases rapidly with δ, and the propagation length of the optical mode is severely affected. We found that excess loss in rough MDM plasmonic waveguides is mainly due to reflection from the rough surfaces. However, for small roughness correlation lengths, enhanced absorption in the metal is the dominant loss mechanism due to disorder. We also found that the disorder attenuation due to reflection is approximately maximized when the power spectral density of the disordered surfaces at the Bragg spatial frequency is maximized.
We also considered the electromagnetic field distribution in disordered MDM plasmonic waveguides to further investigate the enhanced absorption in such waveguides. We found that the electric field intensity in the metal, as well as the absorbed power density, is maximum (minimum) at the bottom (peak) of the metal roughness bumps. The local absorption coefficient for the disordered waveguide can be enhanced or suppressed with respect to a smooth MDM waveguide at different locations. Even though the absorption is locally suppressed at certain locations, the overall absorption in the rough waveguide is enhanced with respect to the smooth waveguide.
Finally, we considered the effect of the MDM waveguide parameters, such as waveguide width w, operating wavelength λ, and dielectric constant ε r of the material in the waveguide, on the attenuation in rough MDM plasmonic waveguides. We found that variation of these waveguide parameters impacts several important factors that affect disorder losses, such as the ratio of disorder size to waveguide width, the guide wavelength, and the group velocity. Increasing the light confinement in a MDM plasmonic waveguide leads to increased ratio of disorder size to waveguide width, decreased guide wavelength, and decreased group velocity, and, therefore, to increased disorder losses.
As final remarks, we note that the two-dimensional model that we used here should also accurately describe the case of three-dimensional subwavelength plasmonic slot waveguides [36] with large height to width aspect ratio. In three-dimensional nanophotonic waveguides the sidewall roughness, which arises due to imperfections in the etching process, most often appears as long vertical stripes. The roughness can therefore be represented by a onedimensional random process, similar to the one we used here [37, 38] . In addition, in the threedimensional case, out-of-plane radiation loss is an additional disorder loss mechanism. However, based on previous studies on three-dimensional microwave metallic waveguides [39] , and photonic crystal waveguides [31] , we expect this disorder loss mechanism to be less significant for three-dimensional plasmonic slot waveguides than reflection and enhanced absorption.
